Introduction {#Sec1}
============

Regulation of the levels of blood gases (oxygen and carbon dioxide) is vitally important in the maintenance of life. Of the two gases, CO~2~ appears to be the more powerful stimulant, as PCO~2~ in arterial blood is very well controlled at a range of increasing altitudes even though atmospheric PO~2~ decreases \[[@CR8]\]. Only when extreme altitudes (3,800--4,300 m) are reached or a prolonged period is spent at altitude \[[@CR2]\] does the regulation of arterial PCO~2~ change. By contrast arterial PO~2~ varies dramatically during short-term exposure to moderate altitude; therefore, arterial PCO~2~ is tightly regulated at the expense of PO~2~ \[[@CR8]\].

CO~2~ combines with water to form H~2~CO~3~. This reaction is slow and its rate can be dramatically increased by carbonic anhydrase. Once formed H~2~CO~3~ rapidly dissociates to HCO~3~^--^ and H^+^. Thus the level of dissolved CO~2~ in the extracellular fluid (ECF) determines its pH. In principle, PCO~2~ could be measured in three ways: via CO~2~ itself, via pH, or via HCO~3~^--^. There is considerable evidence that changes in pH are important in chemoreception; however, evidences for the involvement of HCO~3~^--^ \[[@CR22]\] and CO~2~ are beginning to emerge \[[@CR11], [@CR12]\]**.** Although CO~2~/pH-sensitive cells are located in the carotid bodies \[[@CR18]\], the major sites of CO~2~ chemoreception are found within the brain \[[@CR4]\].

To be classified as a primary CO~2~/pH chemosensor, a cell must have certain properties. Firstly, they need to possess a transducer molecule that responds to alterations of CO~2~, HCO~3~^--^ or pH. Secondly, they have to project to areas responsible for initiating chemoreflexes and finally, once stimulated they must initiate a physiological response \[[@CR7], [@CR20], [@CR21]\]. K^+^ channels that are highly sensitive to acidification and react by closing are popular candidates for chemosensory transducers. These include the following: TASK (tandem-pore acid sensing potassium channels) 1 and 3 channels \[[@CR17]\]; inwardly rectifying potassium channels \[[@CR19]\], especially Kir4.1/5.1, and calcium-dependent potassium channels \[[@CR5]\]. However, definitive causal evidence linking these channels to behavioral/physiological responses to changes in PCO~2~ has not yet been achieved. Acid-sensitive cation channels (ASICs) also play a role in at least some CO~2~-dependent processes \[[@CR34]\].

By contrast, there are very few examples of, or putative mechanisms for, direct sensing of CO~2~ \[[@CR11], [@CR12], [@CR35]\]. Here we describe a K^+^ channel in HeLa cells that appears to open in a CO~2~-sensitive manner. If present in neurons this channel would mediate CO~2~-dependent hyperpolarization and decreased neuronal firing. Though less attention has been paid to inhibitory processes triggered by increases in PCO~2~, neurons that are inhibited by CO~2~ may be as important as those excited by it \[[@CR20]\]. Alternatively, in peripheral tissue this could lead to increased secretion from acinar cells of the major glands.

Methods {#Sec2}
=======

Cell culture {#Sec3}
------------

HeLa cells (either wild type or Cx26 expressing) were maintained in Dulbecco's modified Eagle's medium (DMEM) with the following supplements: 1 mM glutamine (Melford Labs, Suffolk, UK), 10% foetal calf serum (Invitrogen, PaisleyUK), and penicillin/streptomycin (Sigma, St. Louis, MO, USA) at 10 U/ml and 10 μg respectively. In addition, the Cx26 cells were under selective pressure with puromycin (Sigma) at 1 μg/ml. All cells were grown at 37°C in a humidified 95% O~2~/5% CO~2~ incubator. For patch clamp recordings, the cells were plated out on glass coverslips in six-well plates at 2 × 10^6^ cells/well and used within 3 days from plating.

Patch clamp recordings {#Sec4}
----------------------

Coverslips containing non-confluent cells were placed into a perfusion chamber at 28°C in sterile filtered control artificial cerebrospinal fluid (aCSF): Standard patch clamp techniques were used to pull outside-out isolated membrane patches. Whole cell patch pipettes were pulled on a Flaming--Brown horizontal puller, Sylgard coated, fire polished, and filled with an intracellular solution: K-gluconate 120 mM, CsCl~2~ 10 mM, TEACl 10 mM, EGTA 10 mM, ATP 3 mM, MgCl~2~ 1 mM, CaCl~2~ 1 mM, sterile filtered, pH adjusted to 7.2 with KOH. After briefly attaining a whole cell recording, isolated patches of the outside-out configuration were excised. To examine the effect of PCO~2~ on channel gating, patches were routinely held at +10 mV. The properties of the CO~2~-sensitive single-channel current were assessed by taking the patch through a series of 10 mV steps from either +20 or +50 mV to --70 mV in aCSF with a PCO~2~ of 70 mmHg.

An Axopatch 200B amplifier was used (usually in capacitive feedback mode) to record from the membrane patches. The data were low-pass filtered by the amplifier with a cut-off of 2 kHz. The data were sampled by a DT3010 A/D board at 20 kHz. Proprietary software was used to control the experiments and perform offline analysis. For analysis and measurements, the current records were filtered with a Gaussian filter at 0.5 or 0.8 kHz. The reset transients from the feedback capacitor were excluded from analysis (by choosing portions of current records between these transients) and removed from the illustrations in the paper.

Recording solutions {#Sec5}
-------------------

**Control aCSF** 124 mM NaCl, 3 mM KCl, 1 mM CaCl~2~, 26 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 1 mM MgSO~4~, 10 mM [d]{.smallcaps}-glucose saturated with 95% O~2~/5% CO~2~, pH 7.5, PCO~2~ 35 mmHg.

**PCO~2~ 70 mmHg aCSF** 70 mM NaCl, 3 mM KCl, 1 mM CaCl~2~, 80 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 1 mM MgSO~4~, 10 mM [d]{.smallcaps}-glucose, saturated with approximately 12% CO~2~ (with the balance being O~2~) to give a pH of 7.5 and a PCO~2~ of 70 mmHg.

**PCO~2~ 55 mmHg aCSF** 100 mM NaCl, 3 mM KCl, 1 mM CaCl~2~, 50 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 1 mM MgSO~4~, 10 mM [d]{.smallcaps}-glucose, saturated with approximately 9% CO~2~ (with the balance being O~2~) to give a pH of 7.5 and a PCO~2~ of 55 mmHg respectively.

**PCO~2~ 20 mmHg aCSF** 140 mM NaCl, 3 mM KCl, 1 mM CaCl~2~, 10 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 1 mM MgSO~4~, 10 mM [d]{.smallcaps}-glucose, saturated with approximately 2% CO~2~ (with the balance being O~2~) to give a pH of 7.5 and a PCO~2~ of 20 mmHg.

The level of PCO~2~ was adjusted (by varying the proportion of CO~2~ in the bubbling mixture) so that all solutions had a pH of 7.5. The level of PCO~2~ in these solutions was determined by measurement with a blood gas analyzer \[[@CR12]\].

Ion substitution experiments {#Sec6}
----------------------------

To test the nature of the permeant ion, we substituted either Cl^--^ or K^+^. For Cl^--^ substitution, we used a modified aCSF with Na-gluconate: 10 mM NaCl, 114 mM Na-gluconate, 26 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 3 mM KCl, 1 mM MgSO~4~, 1 mM CaCl~2~, and 10 mM [d]{.smallcaps}-glucose, equilibrated with 5% CO~2~/95% O~2~.

The patches were also exposed to an isohydric hypercapnic stimulus under conditions of lowered Cl^--^ concentrations: 10 mM NaCl, 70 mM Na-gluconate, 80 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 3 mM KCl, 1 mM MgSO~4~, 1 mM CaCl~2~, and 10 mM [d]{.smallcaps}-glucose, equilibrated with 12% CO~2~/88% O~2~.

To change K^+^, we used a modified aCSF of the following composition: 97 mM NaCl, 26 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 30 mM KCl, 1 mM MgSO~4~, 1 mM CaCl~2~, and 10 mM [d]{.smallcaps}-glucose, equilibrated with 95%O~2~, 5% CO~2~. Patches were exposed to an isohydric hypercapnic solution with elevated K^+^ concentrations: 43 mM NaCl, 80 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 30 mM KCl, 1 mM MgSO~4~, 1 mM CaCl~2~, and 10 mM [d]{.smallcaps}-glucose, equilibrated with 12% CO~2~/88% O~2~.

Data analysis and statistics {#Sec7}
----------------------------

To analyze how the single-channel current varied with transmembrane voltage and ionic conditions, a sum of Gaussian distributions was fitted (by a least-squares method) to an all-points histogram of channel activity at each transmembrane potential. The current amplitude of the unitary single-channel openings was estimated from these fits (mean of single-channel current minus mean of the noise). The single-channel conductance and reversal potentials were estimated by fitting lines to the linear portion of the current--voltage relation. Expected equilibrium potentials were calculated from the Nernst equation based on the composition of the solutions used in the patch pipette and bathing medium.

To analyze the effect of PCO~2~ on channel gating, the open probability of the channel was estimated from all-points histograms. The area under the curve corresponding to single-channel or multiple-channel openings was obtained from a sum of up to four Gaussian distributions fitted to these histograms by a least-squares method. The area under the Gaussians that corresponded to 1, 2, or 3 simultaneous channel opening was expressed as a proportion of the total area under the entire curve. The veracity of the fitting procedure was additionally checked by comparing the total area from the all-points histogram (sum of the bins) and the area under the fitted Gaussians (from the integral); these values differed by no more than 2%.

To measure channel open times and fit exponential distributions, the data files were imported into WinEDR (written by John Dempster, University of Strathclyde) for analysis. Channel openings were detected via a threshold set at 50% of amplitude of the single-channel current. Careful selection of stretches of data ensured that there were very few multiple-channel openings included in the analysis. To facilitate parameter estimation, the data were then plotted as a histogram with logarithmically increasing bin widths with 16 bins per decade \[[@CR26]\].

Unless otherwise noted, the values are given as mean ± SEM and *n* values refer to the number of patches.

Results {#Sec8}
=======

A small conductance channel is sensitive to alterations in CO~2~ {#Sec9}
----------------------------------------------------------------

In the course of studying the CO~2~ sensitivity of connexins \[[@CR11]\], we observed a small conductance channel in excised outside-out patches drawn from HeLa cells that exhibited sensitivity to changes in PCO~2~---the frequency of channel openings rapidly increased as the level of PCO~2~ increased (Fig. [1a, b](#Fig1){ref-type="fig"}). As extracellular pH was kept constant while PCO~2~ was changed (see "[Methods](#Sec2){ref-type="sec"}"), the change in channel gating was unlikely to be due to alterations of extracellular pH. Equally changes in pH on the intracellular face of the membrane are also unlikely under this recording configuration as the excised patch has a very small membrane surface area, and it is improbable that CO~2~ would be able to diffuse through the membrane patch at a sufficient rate to rapidly alter the pH of the patch recording solution and hence channel gating. The CO~2~-dependent opening of the channel is thus most likely due to the direct effects of CO~2~ on the channel. Fig. 1Increasing PCO~2~ increases open probability of a small conductance channel. **a** Continuous record of the effects of different CO~2~ concentrations on channel gating in outside-out patches from HeLa cells. Note that the effect of changing PCO~2~ from the control level of 35 mmHg to the levels marked on the *black bars* on channel gating was rapid. Isolated patch was held at +10 mV. **b** Expanded traces from **a** demonstrating the gating of the channels in the patch. *Dotted lines* represent different levels of channel openings, and multiple openings are only seen at the higher levels of PCO~2~. **c** All-points histograms obtained from the data in **b** and fitted with sums of Gaussian distributions to estimate *P*~o~. **d** Plot of *P*~o~ vs PCO~2~ (*n* = 5 for each point; *bars* are SEMs). *Continuous line* is drawn to the Hill equation, *P*~o~  *=* 1/(1 + (45/PCO~2~)^2^)

Increasing PCO~2~ from its control value (35 mmHg) to 55 or 70 mmHg caused a progressively bigger increase in the frequency of channel openings such that multiple overlapping channel openings could readily be seen at these higher levels of PCO~2~ (Fig. [1a--c](#Fig1){ref-type="fig"}). A reduction of PCO~2~ to 20 mmHg resulted in a decrease in the frequency of channel openings (Fig. [1a--c](#Fig1){ref-type="fig"}).

To quantify these effects we estimated the open probability (*P*~o~) of the channel at different levels of PCO~2~ (see "[Methods](#Sec2){ref-type="sec"}"). Our analysis showed that *P*~o~ increased with PCO~2~ and could be fitted by the Hill equation assuming a Hill coefficient of 2 and a half-maximal activation of the channel at a PCO~2~ of 45 mmHg (Fig. [1d](#Fig1){ref-type="fig"}).

Channel open time distribution {#Sec10}
------------------------------

We examined the distribution of channel open times at different levels of PCO~2~. Under control conditions (PCO~2~ 35 mmHg), this distribution could be fitted by either one or the sum of two exponential distributions. This demonstrated a main open state with a mean open time of 2.1 ± 0.5 ms (*n* = 5). However in two of these cases, fitting a second distribution with a longer mean time constant gave a statistically significantly better fit (Fig. [2](#Fig2){ref-type="fig"}). We noticed that the prevalence of these longer time openings increased at higher levels of PCO~2~. In one case, it was possible to measure the mean open times at all four levels of PCO~2~ (Fig. [2](#Fig2){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). We found that while the short and long mean open times did not vary significantly at different levels of PCO~2~, the amplitude of the distribution with the longer mean open time scaled with PCO~2~ (Table [1](#Tab1){ref-type="table"}). This analysis suggests that increased levels of CO~2~ may increase *P*~o~ by promoting entry into a second open state that has a longer mean open time (measured over all levels of PCO~2~, 7.0 ± 1.0 ms, *n* = 3). Fig. 2Channel open time distributions recorded at different levels of PCO~2~. Analysis of raw data from Fig. [1](#Fig1){ref-type="fig"}. The *solid line* is the combined fit of two exponential distributions, each shown separately as *grey dashed lines*. At each level of PCO~2~, the fitting of two exponential distributions gave a statistically significantly better fit than a single exponential (*P* \< 0.02, *F* test). The effects of 55 and 70 mmHg on channel open times are probably underestimated as these were taken from stretches of data early in the application of the elevated PCO~2~ to minimize the occurrence of multiple-channel openingsTable 1Dependence of mean open time on PCO~2~. Fitting parameters from analysis in Fig. [2](#Fig2){ref-type="fig"}. At all levels of PCO~2~ channel open time distributions were best fitted by a sum of two exponential distributions: $\documentclass[12pt]{minimal}
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The current--voltage relationship of the single-channel currents {#Sec11}
----------------------------------------------------------------

We examined how the single-channel currents altered with voltage (Fig. [3a](#Fig3){ref-type="fig"}). The single-channel current exhibited inward rectification (Fig. [3b](#Fig3){ref-type="fig"}). The conductance of the channel was 6.7 ± 0.5 pS (calculated from the linear portion of the *I*--*V* relation, *n* = 4, Fig. [3b](#Fig3){ref-type="fig"}) and the single-channel currents reversed at --70 mV (Fig. [3a, b](#Fig3){ref-type="fig"}). This reversal potential lay between the K^+^ and Cl^--^ equilibrium potentials calculated to be --93 mV and --20 mV, respectively. Interestingly *P*~o~ showed little variation at different potentials (Fig. [3c](#Fig3){ref-type="fig"}). Fig. 3Current--voltage characteristics and permeability of the CO~2~-sensitive channel. **a** Single-channel gating in outside-out excised patches during a series of 10 mV steps from +20 mV to --70 mV (*left* to *right*) in control 3 and 30 mM K^+^ aCSF at a PCO~2~ of 70 mmHg. **b** Current--voltage plots of the single-channel currents in 3 mM K^+^ (*n* = 4) and 30 mM K^+^ (*n* = 4) aCSF. The reversal potential changed from --70 mV to --9 mV and the slope conductance of the channel was increased by elevating extracellular K^+^. **c** Plot of the open probability (*P*~o~) against membrane potential for three excised patches, measured in 30 mM K^+^ aCSF. *P*~o~ exhibited no voltage dependence. *Bars* are SEMs

We tested the nature of the permeant ion by altering extracellular K^+^ concentration. A tenfold increase in K^+^ concentrations moved the reversal potential to --9 mV (Fig. [3a, b](#Fig3){ref-type="fig"}). This shift in reversal potential was similar to that predicted by the Nernst equation, suggesting that this channel has high selectivity for K^+^. Interestingly, in the presence of elevated extracellular K^+^, the single-channel conductance increased to 11.5 ± 0.5 pS (calculated from the linear portion of the *I*--*V* relation, *n* = 4, Fig. [3b](#Fig3){ref-type="fig"}). The dependence of the single-channel conductance on extracellular \[K^+^\] is characteristic of Kir channels.

A tenfold reduction of external chloride had no effect on the reversal potential (--70 mV, *n* = 3), the single-channel inward rectification or conductance (Fig. [4a](#Fig4){ref-type="fig"}). However, we found that this reduction of the concentration of extracellular Cl^--^ often lowered the holding current and reduced basal noise levels (Fig. [4b](#Fig4){ref-type="fig"}). Thus, there appeared to be a persistent Cl^--^ current carried by a channel closely located to the K^+^ channel, which can obscure the gating of the K^+^ channel. Fig. 4Colocalization of Cl^--^ and K^+^ channels in excised patches. **a** Current--voltage relationship of single-channel currents recorded an outside-out patch in the presence of 15 mM Cl^--^ in the medium at a PCO~2~ of 70 mmHg. The holding potential was changed from +40 to --70 mV in 10-mV steps (*left* to *right*). The *inset* shows the summary graph comparing the *I*--*V* relations for control (*n* = 7, *black squares*) and lowered Cl^--^ (*open circles*, *n* = 3). *Bars* are SEMs. **b** A continuous current record from the patch before and during the application of low Cl^--^ aCSF. Portions of the record in control aCSF (*i*) and low Cl^--^ aCSF (*ii*) are shown below. Note that the reduction of extracellular Cl^--^ ions reduces both the holding current and basal noise. Outside-out patch held at +10 mV

Discussion {#Sec12}
==========

Channels of the Kir family exhibit varying degrees of inward rectification show a single-channel conductance that varies with extracellular K^+^ concentration and are not blocked by TEA \[[@CR9]\]. As these are all features of the channel that we have described, the CO~2~-sensitive channel is most probably an exemplar of the Kir family some of which, for example Kir1.1, exhibit only relatively weak inward rectification \[[@CR29]\].

The sensitivity of K^+^ channels to fluctuations in pH is widespread and has received much attention with respect to possible physiological functions in chemosensing \[[@CR6], [@CR16], [@CR17], [@CR30]\]. Several members of the Kir family are sensitive to pH and acidification causes these channels to close hence giving depolarization. Some of these channels, especially Kir4.1 and 5.1, are favored candidates to participate in chemosensing \[[@CR13], [@CR31], [@CR32]\]. However, other Kir channels (notably Kir1.1) are also present in both the carotid body and in areas of the medulla oblongata that participate in chemosensing \[[@CR25], [@CR31]\]. Interestingly, the Kir channel that we have described *opens* with increases in PCO~2~. Increasing levels of PCO~2~ under physiological conditions would normally cause both extracellular and intracellular acidification. The net effect of a combined change in pH and PCO~2~ (the more usual physiological circumstance) on this variant of the Kir family would therefore depend upon its relative sensitivity to changes in pH versus changes in PCO~2~. Different members of the Kir family are distinguishable on the basis of their pH sensitivity, for example Kir1.1 is insensitive to *extracellular* pH and requires *intracellular* acidification for closure \[[@CR33]\]. However, it remains unknown whether an increase in PCO~2~ at constant intracellular pH will enhance current through Kir1.1 \[[@CR33]\]. A common consensus is that alterations in PCO~2~ levels are sensed through consequent changes in either extracellular or intracellular pH. This is partly because until now there have been few mechanisms proposed by which CO~2~ could be detected directly. However, we have recently shown that CO~2~ can interact directly with connexins \[[@CR11], [@CR12]\] causing them to open and release ATP. Our present results suggest that at least one member of the Kir family also exhibits direct sensitivity to CO~2~. Interestingly although Kir channels are tetrameric, the relationship of *P*~o~ versus PCO~2~ can be fitted with a Hill coefficient of 2 possibly indicating that only two molecules of CO~2~ need to bind to the channel to enhance opening. Our finding that elevated levels of PCO~2~ increase the occurrence of a second open state with a longer mean open time could imply that binding of CO~2~ to the channel promotes entry into this second open state.

How the K^+^ channel reported here might fit into a physiological system would depend on where it is expressed. In non-excitable cells of secretory tissues, opening of K^+^ channels and consequent K^+^ efflux causes secretion in exocrine glands; thus most secretions have elevated K^+^. CO~2~-dependent secretion involving a K^+^ channel has been found in tissue slices of the parotid gland, though this appears to be due to the stimulation of a second messenger \[[@CR28]\] such as soluble adenylate cyclase \[[@CR3], [@CR35]\]. In pancreatic acinar cells, a low conductance (17 pS at symmetrical K^+^ concentrations) inwardly rectifying TEA-insensitive channel has been described \[[@CR23], [@CR24]\].

We commonly found that a Cl^--^ current was also present in the excised patches along with the K^+^ channel. There is a precedent for Kir channels, notably Kir1.1, being localized with the CFTR Cl^--^ channel in the apical membrane of cells in the thick ascending limb of the loop of Henlé in the kidney \[[@CR9]\]. In many secretory systems, Cl^--^ and K^+^ channels colocalize to ensure that K^+^ efflux from the cell is accompanied by chloride extrusion into the extracellular space \[[@CR27]\]. Secretory cells such as parotid acinar cells express several chloride ion channels, which control extrusion and re-uptake of chloride ions from the cell \[[@CR15]\].

Kir channels in the central nervous system help to control the resting potential. In all cases, so far reported Kir channels close in response to acidification, thus giving pH-dependent depolarization. The surprising implication of our results is that increasing CO~2~ would cause the opening of this particular Kir channel and hence lead to hyperpolarization. This could therefore be a mechanism that contributes to inhibitory processes occurring during hypercapnia. Such processes have been described. For example, slowly adapting pulmonary stretch receptors (SARs) are inhibited during hypercapnia by the activation of a TEA-insensitive potassium channel \[[@CR14]\]. This inhibition has been previously attributed to alterations in extracellular pH as acetazolamide, a carbonic anhydrase inhibitor, significantly altered the response of SARs to CO~2~ \[[@CR14]\]. Interestingly Kir channels, including Kir1.1, have been described in the NTS, an area where the SARs terminate onto their second-order cells \[[@CR32]\]. Alternatively, this channel may play a role in the hyperpolarization of GABAergic and glycinergic neurons, which would lead to disinhibition of neural networks. Disinhibition occurs frequently in the cardiorespiratory network during hypercapnia \[[@CR10]\]; it leads to a loss of glycinergic inputs in the cardioinhibitory vagal neurons and inspiratory-related GABAergic inputs \[[@CR10]\]. These GABAergic inputs may come from the raphé magnus \[[@CR1]\]. Were this channel expressed on these neurons, an increase in CO~2~ would inhibit them and remove the GABAergic input into the pre-Bötzinger, leading to an increase in respiration.
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